Probing the Two-Fluid Behavior in Celns-^Sn^ by Electron Spin Resonance 
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The Celns-^Sn^ cubic heavy fermion system presents an antiferromagnetic transition at Tn — 10 
K, for x = 0, that vanishes continuously upon Sn substitution at x c ~ 0.7. In the vicinity of Tn —¥ 
the system shows non-Fermi liquid behavior due to antiferromagnetic critical fluctuations. We show 
that Gd 3+ electron spin resonance (ESR) probes a change in the character of the Ce 4/ electron as a 
function of Sn substitution which follows the description of the two-fluid model for heavy fermions. 
Besides, some indication for a local class of quantum critical point for this system is discussed. 

PACS numbers: 71.27.+a, 74.40.Kb, 76.30.-v 
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Heavy fermion (HF) system have shown to the sci- 
entific community interesting physical phenomena like 
antiferromagnetism (AFM), superconductivity (SC) [l| 
and non-Fermi liquid (NFL) behavior in the vicinity of 
quantum instabilities |2j. However, the evolution from 
the high-T unscreened localized / electrons to itinerant 
heavy quasiparticles at low-T is still an open question in 
condensed matter physics. The description of these HF 
materials stands on the Kondo lattice model [1| in which 
there are three important energy scales: the crystalline 
electric field (CEF) splitting, the characteristic tempera- 
ture T* and the single impurity Kondo temperature Tk- 
The latter is related to the screening of local moments 
by the conduction electrons due to the Kondo effect. 
T* represents the crossover between a lattice of Kondo 
impurities to a coherence state where the hybridization 
becomes a global process and is related to the Ruder- 
man-Kittel-Kasuya-Yosida (RKKY) exchange interac- 
tion, since it corresponds to the nearest-neighbor inter- 
site coupling, which is mediated by the conduction elec- 
trons 3]. Recently, the interplay between these energies 
scales led to a two-fluid description of the Kondo lattice, 
which was later generalized to a standard phenomenolog- 
ical model [6j that can probably substitute the Doniach 
model for HF systems. The two-fluid model states that 
below T* the weakly interacting local moments Kondo 
centers, hereafter named the Kondo-gas phase (KGP), 
might coexist with a HF liquid of itinerant moments, the 
Kondo-liquid phase (KLP) |4|, [fj. In the low-T regime 
one can attribute an order parameter [1— f(T/T*)] to the 
KGP and f(T/T*) to the partial condensed KLP, so the 
4/ electron might have two components, specially when 
quantum critical behavior is present. Away form such 
quantum critical point (QCP) the HF ground state is ex- 
pected to be described only by the KLP [f(T/T*) = 1] or 
the KGP [f(T/T*) = 0] @,|j|. Although previous nuclear 
magnetic resonance [7| and Raman [8| studies seemed to 
be consistent with the two-fluid model in HF materials, 
additional and more conclusive microscopic experimental 
evidence for such behavior is still highly desirable. 



The cubic HF system Celns-zSn-r is an interesting se- 
ries to study the correlations between Tr- and T*. For 
x = the compound is AFM with Tn = 10 K and by 
Sn substitution, Tv — > continuously up to x c sw 0.65 
[3, [lfj . This system resembles the behavior of Celn3 un- 
der pressure P where a SC state emerges at P c w 25 
kbar with critical temperature T c w 0.15 K and Tn — > 
111 ]. In the vicinity of P c and x c both systems show 
NFL behavior suggesting that AFM critical fluctuations 
are present. Recently the analysis of the magnetic con- 
tribution to the specific heat in Celn3 showed that the 
magnetic fluctuations in this material are effectively 2D 
[12j. Indeed an almost linear dependence of Tn(x) is seen 
for Celna-^Sna, [lOJ, in contrast to what is predicted by 
the 3D spin density wave (SDW) theory and it cannot be 
associated to disorder effects 13]. The reported scenario 
for the P or Sn substitution driven QCP were somewhat 
conflicting. For Celns-^Sn^ it was used a SDW descrip- 
tion of criticality based on critical exponents analysis of 
illl]. In the SDW QCP the 4/ moments 
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are delocalized in the AFM state and no change of the 
Fermi surface (FS) is observed across the QCP [2|. How- 
ever, in a local class of QCP the 4/ electrons remain 
localized in the magnetically ordered phase and there is 
an abrupt change of the FS volume at the QCP [2j • For 
the Celn 3 under P a local QCP was proposed due to a 
FS volume change observed in de-Haas- van- Alphen mea- 
surements J15j. 

In order to clarify the contradictory nature of the 
QCPs of Celn 3 , we study the evolution of the Gd 3+ ESR 
signal in the Celna-^Sn^ system through its QCP. Since 
Ce 3+ ESR signal is silent, we chose Gd 3+ as a probe 
because it is almost a pure S'-state, so its total angu- 
lar momentum is mainly due to spin and is weakly per- 
turbed by CEF effects. Nuclear quadrupolar resonance 
measurements were carried out for the P-induced QCP 
16] but to the best of our knowledge no systematic re- 
ports on microscopic studies on the Sn substitution QCP 
were reported. Our Gd 3+ ESR results show a change 
in the character of the Ce 4/ electron as a function of 



Sn substitution which follows the description of the HF 
two-fluid model. Although it is difficult to assert defini- 
tively what is the actual class of the QCP, the evidence 
for some remaining localization character of the 4/ elec- 
trons close to the QCP, in the AFM phase, indicate that 
Celna-^Sna, is actually similar to the picture given by 
the P-driven QCP in Celn 3 . 

Single and/or polycrystals of Gd doped Celna-^Sna, 
are synthesized by (In,Sn)-flux and/or arc melting, 
respectively. As a reference compound, Gd doped 
Lalns-zSm,; alloys were also grown and studied 17|. The 
actual Sn concentrations are obtained measuring the cu- 
bic lattice parameter and assuming a linear increase wtih 
Sn (Vegard law) [10j. From the Curie- Weiss law fitting 
of the low-T magnetic susceptibility data the Gd dop- 
ing concentration is obtained and its values are shown in 
Table HI See details in Ref. [l8. 



Figure QJa) shows selected ESR (A-band) powder 
spectra at ~ fO K of Gd 3+ in CcIns-^Snz. Except for 
x = the ESR spectra consist of a single Dysonian res- 
onance, consistent with the ESR for localized magnetic 
moments in a metallic host with a skin depth smaller than 
the size of the used particles. By fitting the lineshape 
to the appropriate admixture of absorption and disper- 
sion Lorentzian derivatives we obtain the g value and 
linewidth AH of the resonances. Particulary for x = 3 
we show that there is no appreciable difference in the res- 
onance between single and polycrystalline samples. The 
solid lines are the best fit to the observed resonances and 
the obtained g shift Ag (relative to g — f.993 in insu- 
lators) are presented in Table Q] For Gd 3+ in Celn3 the 
ESR spectrum shows the typical fine-structure features 
for powder samples [19j, with a main line at H ~ 3.45 
kOe, associated with the 1/2 o 1/2 transition. A pre- 
vious report in this compound, using the spin Hamilto- 
nian H = g/j, B H ■ S + (l/60)& 4 (O° + 50|) + J /s S • s 
[20|, extracted the crystal field parameter 64 = 90(5) 
Oe [Hj]. The AH T-dependence is shown in Fig. QTR). 



The linear dependence of the AH is fitted to the expres- 
sion AH - AH = bT. The values for AH (residual 
linewidth) and b (thermal broadening) are presented in 
Tabled] The relatively high AHq values for < x < 3 are 
probably due to of unresolved CEF and disorder intro- 
duced by the In-Sn substitution. For Ceo. 99eGdo. 004I113 
the AH T-dependance for the main line is analyzed. A 
deviation from the linear dependence of AH at low-T is 
seen for x = 1.5 which is related to short range Gd-Gd 
interaction. Within the accuracy of the measurements, 
the g and b values are Gd concentration independent for 
y < 2.0%. Therefore, bottleneck and dynamic effects can 
be disregarded [221 ]. 

In metals, the exchange interaction Jf s (q)S ■ s between 
a Gd 3+ localized 4/ electron spin (S) and the conduction 
electrons (ce) spin (s) of the host metal yields an ESR 
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FIG. 1: GcP + ESR in Cei_ 



yGdyln-i- 



cSn^ for y ~ 0.5%: (a) 



selected X-band (9.4 GHz) ESR powder spectra of Gd , at 
T ~ 10 K. The solid lines are the Dysonian line shape analysis. 
The vertical dashed lines are the resonance field H r for each 
spectrum, (b) T-dependence of the ESR linewidth. The solid 
lines are the best fit to AH — AHo = bT. The closed symbols 
identify the single crystalline samples and the open ones the 
polycrystals. 



TABLE I: Experimental parameters for Gd 3+ diluted in 
Cei-yGd y lri3- x Sn x . The values of 7 are taken from Ref. flGl . 



Gd 3 + 


Gd AH 


b 


7 


in 


V Ag [Oe] 


[Oe/K] [mJ/mol K 2 ] 


Celn 3 


0.004 -0.023(5) 120(5) 


0.1(1) 


130 


CeIn 2 .5Sno.5 


0.010 +0.007(10) 825(45) 


38(3) 


730(50) 


CeIn 2 .3Sn .7 


0.005 +0.027(10) 820(25) 


15(5) 


750(50) 


CeIni. 5 Sni. 5 


0.005 +0.140(10) 650(60) 


30(5) 


250(20) 


CeSn 3 


0.004 +0.027(5) 150(5) 


16(1) 


73 



Ag (Knight shift) given by [2c 



Ag = J /s (0)t7 Fs 



(1) 



where <// s (0) is the effective exchange interaction param- 
eter between the Gd 3+ 4/ local moments and the s-like ce 
in the absence of ce's momentum transfer (q = |k — k'| = 
0) [24]. r\p s is the bare density of states for one spin 
direction at the Fermi level for the s-like ce. 

Another outcome of the exchange interaction is a ther- 
mal broadening of AH b (Korringa rate) given by [231 ] 
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where 7rk B /9HB = 2.34 x 10 4 Oe/K and (Jj s (q)) F is the 
square of the effective exchange interaction constant in 
the presence of ce's momentum transfer, averaged over 
the Fermi surface (FS) 0. 



We now analyze separately the experimental ESR data 
for each synthesized compound. Details of the calcula- 
tions can be found in the supplemental material 18j. 

x = : In the absence of strong electron-electron ex- 
change interaction and assuming that (J% s (q))p — 
Jf s (0), i.e., the effective exchange interaction is isotropic 
over the FS, one expects b w 12(5) Oe/K from Eq. [21 us- 
ing the experimental Ag. This value is much larger than 
that measured experimentally b = 0.1(1) Oe/K (Fig. [TJ)). 
Thus, the approximations that the relaxation does not 
depend on q and that it is due to the contribution of a 
single conduction s-like band are not adequate. Since Ag 
is negative a relaxation via a single s band is not plau- 
sible because J/ s would be of atomic-like and positive. 
Thus, for Ag < 0, contributions coming from covalent- 
like (negative) exchange interaction between the Gd 3+ 
4/-electron and ce-bands (p- or /-bands) must take place 
in the relaxation process [231 ]. However, multiple band 
would lead to a Korringa rate larger than the one ex- 
pected from the Ag [25j, contrary to what is observed 
for Gd 3+ in Celn3. Therefore, a strong q dependent ef- 
fective exchange interaction parameter Jf P (q) or Jff(q) 
is expected in this compound. For Celn3 the local mag- 
netic moment of Ce is compensated by the ce sea due 
to the Kondo effect. However, when Gd 3+ substitutes 
the Ce ions there is a strong Coulomb repulsion poten- 
tial that decreases the local density of states at the Gd 3+ 
site, hence decreasing the Korringa rate (Eq. [5]). The- 
oretical calculations have already showed that the spin 
relaxation rate of a well-defined magnetic moment in the 
neighborhood of a fluctuating valence ion decreases in 
relation to the relaxation rate of a undoped metal [26]. 
Indeed a much larger Korringa rate b = 16(1) Oe/K was 



measured in Gd doped Laln3 [211 ]. This has also been 
observed for Gd in CePd3 which presented an ESR AH 
thermal broadening five times smaller than in LaPd3 [27J • 
Besides, the observation of fine-structure features in the 
spectrum (Fig. HJa)) even up to room-T without narrow- 
ing effects [23j (not shown) suggests a low local density 
of states at the Gd 3+ site. Another consequence of the 
screening of Ce 3+ magnetic moment by the ce is observed 
in the relaxation AH (Fig. [ljb)). The Gd 3+ resonance 
does not sense the internal field caused by the AFM tran- 
sition. No change in the relaxation nor in the resonance 
field is observed below Xjv = 10 K. 

From the considerations above we can assume that the 
interaction of the Gd 3+ 4/ local moment is mainly with 
the Ce /-like ce. Using Eqs. Q] and [5] as Ag = Jff(0)r)p f 
and b = ■Kk,B/g^B{J : ff{q))F'rj F , respectively, we calcu- 



late J//(0) = -0. 
meV. 



1/2 



(1) meV and {J 2 ff {q))J> = 0.07(1) 



For these calculations, the values for the total bare den- 
sity of states are obtained assuming a free ce gas model 

7 = (2/3)tt 2 ' 



'"k B r\ F given in Table U (see details in Ref. 



16.67% of In by Sn, x = 0.5, 
, very close to x c . We also 



tions rj F =0 - 5 
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x = 0.5 : By substituting 
T N drops to - 1.3 K [k 
see Ag going from a relatively large negative to a very 
small ~ 7(10) x 10~ 3 positive value. Considering that 
{J 2 fs {q))]i 2 = Jf a (P), from Eq. Iwe get b cal < b exp . 
It is clear that for Cco.ggoGdo.oioI n 2.5oSno.5o multiband 
effects are now present [25| . This is expected once Sn sub- 
stitution hybridizes the localized Ce 3+ 4/ electrons turn- 
ing them into itinerant s-like ce band. So, for x = 0.5 
the Gd 3+ resonance relaxes via contribution of the Ce 
4/ itinerant s- and localized /-like ce bands. If we admit 
J ff (0) x =° = J ff (0) x = - 5 it is possible to calculate J /s (0) 
and the density of states of each band since rj F =0 - 5 — 
d . Solving the system of three equa- 

r) F it+r) F i f0 c, Ag = J fs (0)r) F H+Jff(ti)r) F ioc 
and b = Trk B /gHB[Jf s {0)ri F .t + Jff{0)v F ioo], we obtain 

J/ s (0) = 0.3(1) HieV, TJpitinerani and TJplocalized 115(10) 

and 40(5) states/ (eV mol spin), respectively. So, naively, 
this result indicates a weight of 74% of the Ce /-electrons 
become itinerant upon x — 0.5 Sn substitution while the 
other 26% remains localized. One may argue that the 
multiband effects would be in fact due to the presence of 
s electrons arisen from a weaken Kondo interaction at the 
Ce 3+ site or by the addition of new electrons. However, 
small Sn substitution increases the ce attractive poten- 
tial [26j and does not profou ndly change the density of 
states, as seen in Lalns-^Sn^ [17|,|28j, favoring the inter- 
pretation of a derealization of the Ce /-electrons. 

x = 0.7 : For Gd 3+ in CeIn 2 .3Sn .7 the system is in the 
vicinity of the QCP and Eq. [21 assuming (Jf s {q)) F — 
J/ s (0), predicts b ca i w b exp . Therefore, we can consider a 
single s-like ce band with no q dependance in the analysis 
of the resonance in this material. Hence from Eq. [2] and 
considering (J| s (g))J/ 2 = J/ s (0), we find J /s (0) = 0.2(1) 
meV, similar to value encountered for x = 0.5. 

x = 1.5 : The Ag value observed gives b ca i 3> b exp by 
Eq. [2] (assuming (Jf s {q))J = J/ s (0)). So in this case 
q dependance is present and {J"j s {q)) F ^ ^/s(0). We 



calculate J/ s (0) 
meV. 



2.6(2) meV and (J? s (g))J/ 2 



x = 3 : From Eq. [2l using 



(Jjs(Q)) l J 2 



0.7(1) 



J/ s (0), we 



get b ca i ~ b exp , i.e., multiband and q dependance effects 
of the exchange interaction may be neglected. Thus, we 
estimate J/ s (0) = 1.7(1) meV. 

The derived effective exchange interaction parameters 
from the analysis above are summarized in Table [H] Due 
to the suppositions and approximations considered in the 
calculations, the numerical values must be taken with 
care. However, it does not invalidate the qualitative mi- 
croscopic description probed by ESR. 

The nonmagnetic analog system Lalns-^Sn^ is com- 
posed of SC Pauli paramagnets [28| and Gd 3+ doped ESR 
measurements in these compounds showed that the Ag 



TABLE II: Derived effective exchange interaction parameters 
for Gd 3+ diluted in Celna-^Sn-,,. 

Gd^ j /s (o) (jfMJT i J //(°)i ( J h(i))T 

in [meV] [meV] [meV] [meV] 



Celn 3 

CeIn 2 .5Sno. 5 0.3(1) 

Celna.aSno.T 0.2(1) 

GeIni.sSni.5 2.6(2) 

CeSn 3 1.7(1) 



0.8(1) 
0.8(1) 



0.07(1) 



0.7(1) 




FIG. 2: (a) Linewidth thermal broadening b, (b) g shift (the 
dotted line mark Ag — 0) and (c) effective exchange interac- 
tion parameter evolution of Gd 3+ ESR in Celn3- x Sn x as a 
function of x. The data for the Lalns-^Sn^ compounds are 
taken from Ref. [l7j. The Tm evolution and the NFL region in 
the vicinity of the critical Sn concentration x c are also seen 
[1CJ |. For Celns-zSna; one can identify the presence of only 
the local moment weakly interacting KGP at x = and the 
entangled KLP for x > 0.7, since only a single band effective 
exchange interaction is probed in each case. At X — 0.5, near 
the QCP, Gd 3+ ESR probes that Ce /-electron has two com- 
ponents as in the two-fluid description of HF systems [J, [5| . 
The shaded areas and spline lines are guides to the eyes. 



and b are not strongly changed by Sn substitution [17 1. 
The Gd 3+ resonance relaxation in these alloys is always 
via a single s-like ce band and J/ s (0) is q independent, 
slightly decreasing with increasing x (Fig. [J) \u\ . 

For the Celns-^Sn^ compounds the evolution of the 
Gd 3+ ESR with Sn substitution is not as straightfor- 
ward as in the reference. The b and Ag values profoundly 
change as a function of x (Figs. [DJa) and[DJb)). As we 
have seen, for Celn3 there is no exchange interaction be- 
tween Gd 3+ and the s-like ce. This due to the Kondo 
effect that creates an attractive potential for these s-like 
ce at the Ce sites. In this case the Gd 3+ ESR relaxes 
only via a /-like localized ce band, i.e., it probes only a 
KGP, f(T/T*) = 0. This attest that the Ce 4/ electrons 



in Celn3 are strongly localized under high Kondo screen- 
ing. As the systems approaches the QCP (x = 0.5), but 
still presenting AFM order, we observe the appearance 
of multiband effects in the resonance since hybridization 
effects, due to Sn substitution, turns some of these local- 
ized 4/ electrons into itinerants, giving rise to a s-like ce 
band. For this alloy the 4/ electrons coexists in the KGP 
and KLP, as in the two- fluid description of HF [j, [5[ . In 
the vicinity of the QCP (a; = 0.7), on the nonmagnetic 
side of the phase diagram, the resonance assumes a char- 
acter where the relaxation is via a single s-like band. 
The effective exchange interaction parameter Jf s in this 
compound is, within experimental errors, the same as at 
x = 0.5 but no local /-like electrons are probed by the 
Gd 3+ , only the KLP. Further increase in the Sn substi- 
tution do not alter the Gd 3+ resonance process of relax- 
ation, which remains being via a single s-like ce band. 
For x = 1.5 the exchange interaction is q dependent, in- 
dicating that it is not isotropic over the FS and this de- 
pendance might be related with an anisotropy observed 
in the s-f hybridization for CeIniSn2 [29j]. In CeSn3 the 
Jf s value decreases slightly compared to CeIn1.55Sn1.45 
probably due to intermediate valence effects and/or lat- 
tice expansion. So, once the system crosses the QCP 
the hybridization of the localized 4/ electrons with the 
ce band becomes a global process and it condenses only 
into the KLP, f{T/T*) = 1. Fig. [^c) summarizes quali- 
tatively this discussion of the Gd 3+ ESR evolution in the 
Celna-zSna; materials. 

Despite being difficult to assert on whether the QCP 
in Celns-^Sn^ is of the itinerant or localized scenario, 
it is important to notice that there are still some local 
moments very close to the QCP on the AFM state and 
none in its vicinity. This suggests it may be more in 
accordance with a local class of QCP, consistent with 2D 
AFM magnetic fluctuations dElEl. 

In summary, our ESR results microscopically show 
that the Celna-^Sna, system can be described by the two- 
fluid model for HF in the vicinity of the QCP. Also that 
the Ce 4/ electrons present a localized component un- 
til very close to the QCP, in the magnetically ordered 
phase, indicating it might have a local character as in 
the P-driven QCP in Celn 3 . 
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PROBING THE TWO-FLUID BEHAVIOR IN 

Celna-^Sn^ BY ELECTRON SPIN RESONANCE 

(SUPPLEMENTAL MATERIAL) 

In this supplemental material we first present the ex- 
perimental details of our study. Secondly we show in 
more detail the calculations of the Gd 3+ effective ex- 
change interaction parameter for each compound grown 
in the Celna-^Sna; series presented in the main text, 
which we start with a brief discussion on the theory of 
electron spin resonance (ESR) in metals. Detailed infor- 
mation on the theory can be found in the reviews articles 
listed in Refs. [l| and[2J. 



EXPERIMENTAL DETAILS 

Single crystals of Gd doped CeIn 3 _ a; Sn a ; are syn- 
thesized by the flux-growth technique. Elemen- 
tal Ce:Gd:In:Sn are weighted in the ratio l-y:y:10- 
(10a;/3):10a;/3, with a nominal value for y of 0.005 and 
x = 0, 1.5 and 3. Polycrystalline samples are also grown 
by arc melting in Argon atmosphere. In this case the re- 
actants ratio used is l-y:y:3-x:x, with the same nominal 
value for y and x — 0, 0.5, 0.7, 1.5 and 3. X-ray powder 
diffraction measurements confirm the cubic AuCu3 (Pm- 
3m) type structure for all synthesized compounds. The 
temperature dependence of the magnetic susceptibility, 
x(T), is measured for 2 < T < 300 K, after zero field 
cooling (ZFC). All ESR experiments are performed on a 
fine powder (d < 38 /im) in a Bruker ELEXSYS X-band 
spectrometer (9.4 GHz) with a TE102 cavity coupled to 
a helium- gas- flux T-controller system for 4.2 < T < 300 
K. Fine powder of crushed single crystals are used in the 
ESR experiments in order to increase the ESR signal-to- 
noise ratio. 

The actual Sn concentrations are obtained from the 
cubic lattice parameter in which one expects it follows a 
linear increase (Vegard law) [3| (see Supplemental Figure 
(Ha)). For x = 3 the departure of linear behavior is due 
to the Ce ions intermediate valence effects for x > 2.2 |4|. 
The T-dependence of the magnetic susceptibility x(T) for 
the series of compounds Cci- y Gd y lTi3^ x Sii x , corrected 
for the core diamagnetism, is shown in Supplemental Fig- 
ure Q][b) . From the Curie- Weiss law fitting of the low-T 
data the actual Gd doping concentration is obtained. 



Gd 3+ EFFECTIVE EXCHANGE INTERACTION 
PARAMETER CALCULATIONS IN Celng-^Sn^ 

Gd 3+ ESR in metals 



In the simplest treatment of the exchange interaction 
Jf s (q)S ■ s between a localized 4/ electron spin (S) on 
a solute atom (Gd 3+ ) and the free conduction electron 
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Supplemental FIG 1: Gd 3 



8 10 
T(K) 



12 14 16 



in Cei-yGdylni-ooSiix: (a) cubic 
lattice parameter a dependance as a function of x. The dashed 
line represents the Vegard law 3]. For x — 3 the departure 
of linear behavior is due to the Ce ions intermediate valence 
effects for x > 2.2 Q. (b) Low-T dependence of x(T) at H 
— 2.5 kOe. The solid lines are the Curie-Weiss fitting. The 
closed symbols identify the single crystalline samples and the 
open ones the polycrystals. 



spin (s) of the host metal, the ESR g shift Ag (Knight 
shift) [5[ and the thermal broadening of the linewidth b 
(Korringa rate) [6| can be written as: 



Ag = J fa (0)Vi 



(3) 



and 



d(AH) irk B 



dT 



g^B 



J>.(o)V., 



where J/ s (0) is the effective exchange interaction pa- 
rameter between the Gd 3+ / local moment and the s- 
like conduction electron in the absence of conduction 
electron momentum transfer (q = |k — k'| = kp[2(l — 
cos^kk/)] 1 / 2 = 0) Q. r](F s ) is the s-like band bare den- 
sity of states for one spin direction at the Fermi sur- 
face. The constants k Bl [i B and g are the Boltzman con- 
stant, the Bohr magneton and the Gd 3+ g value in insu- 
lators (g = 1.993), respectively. The constant ■nk B jg[x B 
is 2.34 x 10 4 Oc/K in CGS units. 

Equations [3] and H] are normally used in the analysis 
of the ESR data for highly diluted rare-earths magnetic 
moments in intermetallic compounds with appreciable 
residual resistivity, i.e., large conduction electron spin- 
flip scattering (absence of "bottleneck" and "dynamic" 
effects) [7|. Since in our study we find that the ESR pa- 
rameters are independent of the concentration, we can 
assume that the system is in the unbottleneck regime [7] . 
Combining the above equations we can write: 



irk i 

9HB 



(A.9) 2 



(5) 



Sometimes the effective exchange interaction constant 
is not independent of the momentum transfer (q ^ 0) 
and in this more general case, Eq. @]has to be rewritten 

as: 



nkf 



9VB 
or alternatively, using Eq. [3] 



<■&(«)> •*. 



(6) 



nkr 



J%(q) 



g^B 



J f ! .(0) 



-A 5 2 , 



(7) 



where (Jt s {q))F is the square of the effective exchange 
interaction parameter in the presence of conduction elec- 
trons momentum transfer, averaged over the Fermi sur- 
face 8]. 

The g shift is due to the polarization of the conduction 
electrons by the localized magnetic moment and mea- 
sures the exchange interaction parameter Jf s in the ab- 
sence of conduction electrons momentum transfer (q — 
0). On the other hand, the Korringa rate measures the 
averaged exchange interaction constant (J% s (q))f over 

the Fermi surface (0 < q < 2k F ) % So if (J} s {q)) F 12 = 
Jfs (no momentum transfer) the ESR evolution is gov- 
erned by Eqs.OandlU Otherwise, if (Jf s (q)) J ^ Jf s (<7 
dependance) the resonance is described by Eqs.[3]and|ni 
One way to know if the system is momentum transfer 
dependent is to analyze Eq. [5] If the calculated Korringa 
rate b ca i by the experimental Ag gives an equal value 
of the experimental Korringa rate b exp (b ca i = b exp ) q 
dependance can be neglected. However, if b ca \ > b exp 
(4) then it can not. This is because (J 2 s (g))i?/J? s (0) < 1, 



,1/2 



being equal to 1 only when {Jf s (q))p = Jfs- 

Until now we have considered the that the resonance 
relaxes to a conduction band solely by a s-like band. 
However there might be cases where the conduction band 
has also d-, p- or /-like electrons. In this case Eqs.[3]and 
|4] are not valid. Differently than what happens with q 
dependent systems, multiband ESR gives b ca i <C b exp by 
using experimental Ag in Eq.[S] Thus, Eqs.[3]and|l]must 
be rewritten, respectively as: 



A.g = Ag fs + Agf d + Agf p + ... 
= JfsVF, + JfdVF d + Jf P r]F p 



and 



TTfcs 

J fsVF, 



^Bj2 n 2 , 



nk B 2 2 
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(8) 



(9) 



where Jf Sl Jfd e Jf p are the exchange interaction con- 
stant between the Gd 3+ 4/ spin and the s-, d- and p-like 
bands, respectively. rjF a , r\F d and t\f p are the bare den- 
sity of states for one spin direction at the Fermi surface 
for each respective band. 



The exchange interaction parameter signal is positive 
for atomic interaction , i.e., ferromagnetic interactions, 
and negative for covalent mixing, antifcrromagnctic-likc. 
So it is straightforward to see why multiband enhances 
the Korringa rate compared to b ca i , since the dependance 
of the Korringa rate is quadratic with the exchange in- 
teraction parameters and it is always a sum. While for 
Ag it is linear and depends on the sign and strength of 
each exchange interaction constant. Therefore, the Ag 
sign can give valuable information about the interaction 
between the localized moment and its environment. 

In the Celna-^Sn^ system, Jf s and Jfd are positives 
and Jf p and J// negatives [l|. 



Calculations 

We now turn to the detailed calculations of the anal- 
ysis of the Gd 3+ ESR data in the Cei_j,Gd a In3_ x Sn x 
compounds. Supplemental Table Hill summarizes the ex- 
perimental parameters found by ESR. 
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TABLE III: Experimental parameters for Gd 3+ 
-yGdylns-^Sm,;. The values of 7 are taken from 



Gd J 



Gd 

v 



Ag 



Ho 

[Oe] 



b 
[Oe/K] 



7 



Celn 3 0.004 -0.023(5) 120(5) 0.1(1) 130 

Celna.sSno.s 0.010 +0.007(10) 825(45) 38(3) 730(50) 

Celna.sSno.r 0.005 +0.027(10) 820(25) 15(5) 750(50) 

Celni.gSm.s 0.005 +0.140(10) 650(60) 30(5) 250(20) 

CeSn 3 0.004 +0.027(5) 150(5) 16(1) 73 



rate is much smaller than the calculated one using exper- 
imental Ag, indicating a q dependent effective exchange 
interaction. We then can rewrite Eqs. [3] and [5] respec- 
tively as: 



A.9 = J ff (0)r, Ff 



and 



nk B 

9HB 



{J}M)) F rt 



(10) 



(11) 



In the free conduction electron gas model, the elec- 
tronic heat capacity or Sommerfeld coefficient 7 is given 
by: 



7 - (2/3)7r 2 fc|^ 



(12) 



and one can obtain, using its experimental value, the 
bare density of states for one spin direction at the Fermi 
surface. 

For Celn3 j x=0 = 130 mJ/(mol K 2 ) [3j, so we get from 
Eq. rjj] ri'fr = 28(2) states/(eV mol spin). Assuming 
that in this compound the density of states at the Fermi 
level for the 4/ electrons rj F =Q is: 



Vf 



x=0 



a:— Lalns 

Vf -V F 



[mJ/mol K ] where rj F 



Lalns 



0.8(1) states/(eV mol spin) (see Fig. 4 of 



Ref. M), we calculate rfpf 3 — 27(2) states/(eV mol spin). 
Using Eqs. [TU] and QJ] and experimental values of Ag 
and b, and r] F =0 = 27(2) states/ (eV mol spin) we obtain 

J ff (0) = -0.8(1) meV and (J 2 f (q)) l J 2 = 0.07(1) meV. 



Calculation for x — 0.5 



Calculation for x — 0.0 

For Gd 3+ in Celn3 we find experimentally Ag ~ 
-23(5) x 10" 3 and b = 0.1(1) Oe/K. Using Eq. [5] and 
Ag ~ -23(5) xlO" 3 , knowing that nk B /gfJ-B = 2.34 xlO 4 
Oe/K one expects b w 12(5) Oe/K. This value is much 
larger than the measured experimentally b = 0.1(1) 
Oe/K. Therefore, we conclude that the approximations 
made in Eqs. [3] and 0] are not adequate. To account for 
a Ag negative value, contributions coming from the ex- 
change interaction with p- or /-like ce bands, that have 
opposite signs, must take place in the relaxation pro- 
cess [1(. However, multiple bands enhances the Korringa 
rate, which is not the case of Gd 3+ in Celn3, where there 
is indication of q dependance of the effective exchange 
interaction parameter since b ca i 3> b exp . From the con- 
siderations stated in the main text we can assume that 
the exchange interaction of the Gd 3+ is only with /-like 
conduction electrons. Because J// is negative it accounts 
for Ag < (Eq. [3]). However, the experimental Korringa 



For Gd 3+ in CeIn2.5Sno.s we find experimentally Ag ~ 
4(10) x 10~ 3 and b = 38(3) Oe/K. Using Eq. E and 
Ag ~ 7(10) x 10~ 3 one expects b w 1 Oe/K. Since 
b C ai <C b exp multiband effects are present and no q depen- 
dance is seen. As the main text points out, for this com- 
pound contribution of the Ce 3+ 4/ itinerant s- and local- 
ized /-like conduction electrons bands take place in the 
Gd 3+ resonance relaxation process. In this case Eqs. [5] 
and [S] can be rewritten respectively as: 



Ag = J fs r) F it + JffVF 1 / 



and 



nk B 
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T 2 2 
JfsVpf 



JffVpyc 



(13) 



(14) 



where rj F u and r] F ioc are the band bare density of 
states for one spin direction at the Fermi surface for the 
itinerant- and localized-like conduction electron band, re- 
spectively. 



From j x=0 - 5 = 730(50) mJ/(mol K 2 ) @| and Eq. [12] 
we get TjfT ' 5 — 155(2) states/(eV mol spin). Assuming 
that: 

„x=0.5 _ „a=0.5 LaIn 2 ,!jSn. ^ 

Vfj —Vf^Vf i 

where v ^ aIn ^ Sn o-o = 0.8(1) states/(eV mol spin) (see 
Fig. 4 of Ref.0), we calculate r) F = - 5 = 154(2) states/(eV 
mol spin). 

Solving the system of three equations below for 
^=0.5 = 154 ( 2 ) states/(eV mol spin), Ag ~ 7(10) x 10~ 3 , 

b = 38(3) Oe/K and JJJ 05 = J*J° = 0.0008 eV: 
VfJ°- 5 = TlFf + IF*" = 154, 



Ag = J fs r] F u + 0.0008 • ripioc = 7 x 10" 



and 



b = 2.34 x 10 4 • 



Jf s V F it + (0.0008) 2 • rfr lae 



38, 



we obtain Jf s — 0.3(1) meV, 7j F u = 115(10) states/(eV 
mol spin) and r] F iac = 40(5) states/ (eV mol spin). 



Calculation for x — 0.7 

For Gd 3+ in CeIn2.3Sno.7 we find experimentally Ag ~ 
27(10) x 10" 3 and b = 15(5) Oe/K. Using Eq. E and 
Ag ~ 27(10) x 10~ 3 one expects b w 17(10) Oc/K. For 
this case, approximations made in Eqs. [3] and 0] are in 
fact adequate, once b ca i ~ b exp . 

From 7 a:=0 - 7 = 750(50) mJ/(mol K 2 ) [| and Eq.[H]we 
get ?7f, =0 - 7 = 160(10) states/(eV mol spin). Using Eq. gj 

b = 2.34 x 10 4 • J /s (0) 2 • (160) 2 = 15, 

we find Jf s = 0.2(1) meV, similar to value encountered 
for x = 0.5. 



Calculation for x = 1.5 

For Gd 3+ in Celni.gSni.s we find experimentally Ag ~ 
140(10) x 10" 3 and b = 30(5) Oe/K. The Ag value ob- 
served in Ceo.ggsGdo.oosIni.sSni.s relates to a Korringa 



rate b ~ 500(100) Oe/K by Eq. (& CQi > & exp ). So 

in this case (Jf s {q))J ^ J/s because of a g dependent 
effective exchange interaction. 

From 7 X=1 - 5 = 250(20) mJ/(mol K 2 ) and Eq.[l2]we 
get ?yf. =1 - 5 = 53(4) states/(eV mol spin). Using Eqs. [3] 
and [HI respectively: 

Ag = J /s (0) • 53 = 140(10) x 10" 3 , 



and 



b = 2.34 x 10 4 • (J%(q)) ■ (53) 2 = 30, 

we calculate J/ s (0) = 2.6(2) meV and (Jf s (q))J — 
0.7(1) meV. 

Calculation for x — 3.0 

For Gd 3+ in CeSn3 we find experimentally Ag ~ 
27(5) x 10" 3 and b = 15(1) Oe/K. From Eq. gj we get 
6 w 17(5) Oe/K, very close to the experimental value, 
i.e., multiband and q dependance effects of the exchange 
interaction may be neglected. 

From 7 X=3 = 73 mJ/(mol K 2 ) :3] and Eq. [TJ we get 
rj F = 3 = 16(1) states/ (eV mol spin). Using Eq. S) 

b = 2.34 x 10 4 • J /s (0) 2 • (16) 2 = 15, 

we find J fa = 1.7(1) meV. 
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